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Abstract: Background: Recent research reported height biased migration of taller individuals and a Monte Carlo simula-
tion showed that such preferential migration of taller individuals into network hubs can induce a secular trend of height. In 
the simulation model taller agents in the hubs raise the overall height of all individuals in the network by a community 
effect. However, it could be seen that the actual network structure influences the strength of this effect. In this paper the 
background and the influence of the network structure on the strength of the secular trend by migration is investigated. 
Material and methods: Three principal network types are analyzed: networks derived from street connections in Switzerland, 
more regular fishing net like networks and randomly generated ones. Our networks have between 10 and 152 nodes and 
between 20 and 307 edges connecting the nodes. Depending on the network size between 5.000 and 90.000 agents with an 
average height of 170 cm (SD 6.5 cm) are initially released into the network. In each iteration new agents are regenerated 
based on the actual average body height of the previous iteration and, to a certain proportion, corrected by body heights in 
the neighboring nodes. After generating new agents, a certain number of them migrated into neighbor nodes, the model let 
preferentially taller agents migrate into network hubs. Migration is balanced by back migration of the same number of 
agents from nodes with high centrality measures to less connected nodes. The latter is random as well, but not biased by the 
agents height. Furthermore the distribution of agents per node and their correlation to the centrality of the nodes is varied 
in a systematic manner. After 100 iterations, the secular trend, i.e. the gain in body height for the different networks, is 
investigated in relation to the network properties. Results: We observe an increase of average agent body height after 100 
iterations if height biased migration is enabled. The increase rate depends on the height of the neighboring factor, the popu-
lation distribution, the relationship between population in the nodes and their centrality as well as on the network topology. 
Networks with uniform like distributions of the agents in the nodes, uncorrelated associations between node centrality and 
agent number per node, as well as very heterogeneous networks with very different node centralities lead to biggest gains 
in average body height. Conclusion: Our simulations show, that height biased migration into network hubs can possibly 
contribute to the secular trend of height increase in the human population. The strength of this “tall by migration” event 
depends on the actual properties of the underlying network. There is a possible significance of this mechanism for social 
networks, when hubs are represented by individuals and edges as their personal relationships. However, the required high 
number of iterations to achieve significant effects in more natural network structures in our models requires further studies 
to test the relevance and real effect sizes in real world scenarios.
Keywords: secular trend; body height; simulation; community effect; Monte Carlo method; network; centrality measures
1 Introduction
The secular trend for the increase in body height of the 
human population has been intensively studied in recent 
research. The most prominent example are the Netherlands 
where the average body height of men has increased by 
around 20 cm during the past 150 years (Stulp & Barrett 
2016). However, this tendency is not universal for all coun-
tries: for instance, men in the US were the tallest from the 
end of the 18th until the beginning of the 20th century; there-
after the increase in body height was much smaller than in 
other populations, only 6 cm after the beginning of the 20th 
century (Komlos 2010). The reasons for the difference in 
body height increase have been discussed intensively. With 
regards to the Netherlands and the US having similar calo-
rie intake: despite higher per-capita income and more yearly 
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investment in health care in the US, the secular trend was 
much higher in the Netherlands. Moreover, for black US 
American women even a decrease in average body height 
was reported for birth cohorts from 1975 to 1986 (Komlos 
2010). Similarly, there was also a lack of a secular trend for 
South African military conscripts between 1946 and 1995 
whereas in Swiss and Dutch conscripts it was (Myburgh 
et al. 2017). The reasons for this might be due to socioeco-
nomic or social effects caused by increased inequalities in 
the US or in South Africa. In contrast, the increase of per-
capita income, which was recently claimed to be associated 
with an increase in average body height (Steckel 1983; Baten 
& Blum 2012), could not offer a sufficient explanation of the 
different developments in those countries.
In addition to explanations of the secular trend, mostly 
of socioeconomic nature, e.g. health and nutrition issues 
(Silventoinen 2003; Steckel 2009), social network effects 
have been discussed (Aßmann & Hermanussen 2013). Height 
adjustments on an individual level within a community, e.g.in 
kindergarten (Pospisil et al. 2017) and school groups (Koziel 
& Gomula 2017), have been observed. Within such small 
communities variances in body height are much smaller in 
comparison to the overall population. On a larger network 
scale, investigations of distributions of average body heights 
for conscripts in Switzerland (Hermanussen et al. 2014), 
Poland (Gomula et al. 2017) and Norway (Bents et al. 2017) 
showed height clustering towards the average height. People 
living in districts, cities connected by road connections, have 
similar body heights.
Such neighbor body height correlations and network 
differences between various regions, can be generated 
by a simple Monte Carlo simulation as shown recently by 
Hermanussen et al. (2016). Using the road network of 
Switzerland, similar body height clustering patterns as well 
as varying shifts between “tall” and “short” areas have been 
observed when a neighboring factor of around 5–10% was 
introduced. In this simulation body height of the next genera-
tion agents was based to 90–95% on the height of the actual 
node and to 5–10% on the height of the nodes directly con-
nected to this node. This approach resulted in real world spa-
tial height distributions even if the model was started with a 
homogeneous network. However, this simulation could not 
explain the secular trend; the average body height remained 
unchanged during the simulation. Based on the observation 
that stature often represents status, i.e. occupation of social 
network hubs by taller individuals, and that migrants seem to 
be taller than non-migrants (Kobyliansky & Arensburg 1977; 
Singh & Harrison 1996; Krzyzanowska & Mascie-Taylor 
2011), the model developed by Groth (2017) was extended by 
introducing a height biased migration where taller individu-
als preferentially migrated into network hubs. This approach 
resulted, due to the neighboring factor, the community effect, 
in overall gain of body height of the whole system. However, 
there were large differences in body height gains between dif-
ferent networks; the reasons for this remained unclear.
In this paper we investigate the effect of network structure 
on the effect size of the secular trend by height biased migra-
tion. We evaluate different network structures based either 
on real world street networks of Switzerland, homogeneous 
fishing net like networks and different random networks. 
Basic network properties as well as different distributions of 
the agent population in a network are used to evaluate the 
reasons for different body height gains in different networks 
and societies.
2 Methods
We use a network based approach for our simulation where 
we build different network / graphs to perform our analy-
sis. A graph consists of nodes and edges connecting those 
nodes. We can think in real world terms of nodes as cities 
with people living there and edges as streets connecting 
those cities. For studying the influence of network topol-
ogy and network properties on the secular trend induced by 
migration, we investigate five different graph types in dif-
ferent sizes. The chosen graph size classes are graphs with 
up to 20 nodes (mini), between 21 and 35 nodes (midi) and 
with up to 152 nodes. In our simulations we use random 
graphs based on standard graph generation algorithms, such 
as the Erdös-Renyi graphs (erren, emidi) (Erdös & Renyi 
1959), scale-free graphs (bmidi) according to the Barabasi-
Albert model (Barabasi & Albert 1999), small world graphs 
(wmidi) (Watts & Strogatz 1998), and a self-implemented 
graph algorithm (amini, amidi, angie).
The latter networks are generated as follows: After ini-
tially adding edges at random between nodes, not yet con-
nected nodes are connected, in the second phase, after all 
nodes are at least connected by one edge, we use random 
edge additions. In the last step, after all edges are added to 
the graph, nodes in separate graph components are prefer-
entially connected by random switching of “within compo-
nents edges” to “edges between components”. The process 
is finished when all nodes are within the same component.
Furthermore, fishing net like graphs are constructed with 
various centralization additions, fmidi and fnet. Three lev-
els of centralization are implemented in the fishing net like 
graph: 1 is the lowest and 3 is the highest. These levels are 
achieved by adding more edges to centralize some nodes in 
this network type.
We also investigate graph types derived from the geogra-
phy of Switzerland smini, smidi, swiss, swiso (Hermanussen 
et al. 2014; Hermanussen et al. 2016; Groth 2017). The mini 
and midi forms of this network type are extracted communi-
ties within the Switzerland network graph. Communities are 
densely connected nodes within a graph. In the swiso graph 
we take the original number of conscripts per district in 2005 
to populate the graph with agents, whereas in all the other 
graphs we use a log-normal distribution to determine the 
node population. Some of the used network topologies are 
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shown in Fig. 1, basic network properties of the generated 
graphs are summarized in Table 1.
After graph creation, agents with an average body height 
of 170 cm (SD = 6.5) are added to the nodes. With the excep-
tion of the swiso network, where the number of agents we 
use is drawn from the conscript data from 2005, all other 
networks receive a number of agents per node which is ran-
domly attributed by a log-normal distribution (meanlog = 6, 
sdlog varied between 0.01 and 1). The setting with a meanlog 
of 6 and a sdlog of 0.6 or 0.8 is closest to the distribution of 
conscript numbers in Switzerland in 2005 in the swiso graph. 
As the correlation between node centrality and number of 
agents per node might vary considerably between different 
networks, we also adapt the assignment of agent numbers to 
each node by adjusting for the final Pearson correlation coef-
ficient (r) for the association between node degree and agent 
number. We vary r between 0.0 and 0.6 in steps of 0.15. It 
should be noted, that in the original swiso network the corre-
lation between the number of agents taken from 2005 and the 
node degree based on the Switzerland road-map was 0.447. 
This value is within the range of our experimental variations.
After distributing the agents into the networks Monte 
Carlo simulations are started by generating subsequent 
generations based on the 1) actual node body height mean, 
Fig. 1. Sample network topologies. Medium sized graphs with 30–36 nodes based on random graph algorithms 
are shown in the first row. The second row contains regular fishing net like graphs and the third row contains 
graphs based on the topology of the Switzerland network. The smidi graph is a medium sized component of the 
Switzerland map, shown on the left hand side. The swrnd is a randomized version of the swiso graph where edges 
were randomly reassigned while retaining the same degree distribution as in the swiso network.
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Table 1. Graph properties. v: number of vertices, e: number of edges, dia: graph diameter, agents: number of agents with sdlog = 0.8, 
m: node means of centrality measures for degree, betweenness and page rank values, cv.deg: coefficient of variation for node 
degrees, gi.deg Gini index for node degrees, as.deg: assortativity values for node degrees, tr.gl: global transitivity. In case of random 
graphs, the averages for five random graphs are shown.
v e dia agents m.deg m.bet m.prk cv.deg gi.deg as.deg tr.gl
amini 10 20 3 5648 4.0 2.9 0.100 27.9 0.15 –0.18 0.38
amidi 30 60 5 17850 4.0 21.9 0.033 37.9 0.21 –0.02 0.12
angie 144 300 7.8 75636 4.2 191.0 0.007 41.9 0.23 0.00 0.03
bmidi 30 57 4.6 13908 3.8 20.9 0.033 65.8 0.32 –0.20 0.16
emidi 30 62 5.6 15640 4.1 21.9 0.033 45.9 0.26 –0.06 0.13
erren 148 295 8 83386 4.0 203.8 0.007 46.4 0.26 0.04 0.03
fmid1 25 40 8 11125 3.2 28.0 0.040 22.1 0.12 0.42 0.00
fmid2 33 48 10 21727 2.9 50.2 0.030 40.6 0.21 –0.30 0.00
fmid3 33 60 8 18934 3.6 38.3 0.030 55.8 0.31 0.04 0.32
fnet1 144 264 22 79121 3.7 500.5 0.007 14.4 0.07 0.59 0.00
fnet2 152 272 24 80002 3.6 560.0 0.007 21.0 0.09 0.22 0.00
fnet3 152 290 19 83364 3.8 488.6 0.007 29.5 0.14 0.21 0.12
smini 13.8 19 7.4 8924 2.7 13.7 0.073 37.3 0.20 –0.09 0.30
smidi 29 63 6.2 15475 4.3 27.3 0.035 34.2 0.19 0.19 0.39
swiso 148 307 30 81576 4.1 564.6 0.007 40.8 0.23 0.36 0.36
swrnd 148 307 7.2 83435 4.1 197.3 0.007 40.8 0.23 –0.01 0.03
wmidi 36 72 5.4 18534 4.0 29.7 0.028 26.4 0.14 –0.02 0.08
2) neighbor node influence of different strengths (0, 0.05, 0.1, 
0.2 and 0.5) to simulate the community effect in height and 
3) by height biased migration where taller individuals tend 
to migrate preferentially into network hubs. Three centrality 
measures were used to determine the direction of migration: 
the node degree measure as the number of edges adjacent to 
one node, the betweenness centrality as the number of short-
est paths between all nodes traversing the node, and the page-
rank centrality which is based not only on the nodes own 
centrality but as well take into consideration the centrality of 
nodes, closely connected to the node. Contrasting to Groth 
(2017) we do not use the square root of the number of agents 
in the node to determine the number of migrating agents, 
but let 10% of the population of the node with fewer agents 
migrate. That way we avoid possible bias due to very differ-
ent network sizes used in this study. We sample randomly 
10% of agents from the less central node and from the taller 
half of its population to migrate towards more central nodes. 
Back migration is done with the same number of agents, but 
is independent from height. More background information of 
this Monte Carlo simulation can be found in Groth (2017).
3 Statistical methods
Analysis and modeling is performed using the statistical pro-
gramming language R (R Core Team 2018) with the stan-
dard R packages and the additional packages igraph (Csardi 
& Nepusz 2006), DescTools (Signorell et al. 2018), e1071 
(Meyer et al. 2017), xtable (Dahl 2016), corrplot (Wei & 
Simko 2017), mapdata (Becker et al. 2016), geosphere 
(Hijmans 2017), sp (Pebesma & Bivand 2005, Bivand et al. 
2013) and optparse (Davis 2018). Data for the administrative 
map of Switzerland was taken from the website https://www.
gadm.org (Hijmans et al. 2016).
The dependencies of changes in body height in the net-
works in relation to the network properties are analyzed 
using a multiple linear regression model. Statistical signif-
icance of differences between network types is evaluated 
using analysis of variance model or, in case of pairwise 
comparisons, using a two-sample t-test. In case of ANOVA 
pairwise t-tests are performed in post-hoc analysis using 
p-value corrections by Holm (Holm 1979). Pearson cor-
relations are used to describe spatial correlations between 
neighboring nodes or autocorrelations for the same node at 
different time points. In order to compare different distribu-
tions two-sample Kolmogorov-Smirnov tests are performed 
(Kolmogorov 1933; Smirnov 1939). In case of averages, or 
correlation 95% coefficients confidence intervals are given 
in rectangular braces. For all tests standard functions of the 
R stats package are used (R Core Team 2018).
At least five different Monte Carlo simulations are per-
formed for each graph type generated by random algorithms. 
Final model evaluation is done after 100 iterations.
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4 Results
4.1 Population distribution
Preliminary analyses reveal that the distribution for the 
numbers of agents per districts might have a large influ-
ence on the model. We therefore try several distributions, 
more or less similar to the number of conscripts per district 
in the original Switzerland model. We find that the num-
ber of agents per district follow a log-normal distribution 
with a meanlog of 6.00 and a sdlog of 0.85, the one-sample 
Kolmogorov-Smirnov test for this distribution and the agent 
distribution in the Switzerland graph swiso is not significant 
for this setting, p = 0.18. Therefore we assume that such set-
tings for the population are very similar to the Switzerland 
network.
As the distribution of the population may not follow real 
world scenarios like that of the swiso graph, we decided to 
use sdlog values of 0.01, 0.2, 0.4, 0.6, 0.8, 1.0. We cannot 
use 0.00, because we also change the correlation between 
the degree centrality and the number of agents of a node. 
Therefore we need at least a small difference in the number 
of agents to construct a sequence of correlation coefficients. 
The correlation between the degree of a node and the num-
ber of agents in the original swiso graph is r = 0.45, CI95% 
= [0.31,0.57]. To analyze the effect of correlation between 
the node centrality and the number of agents we modify the 
association between both variables in steps of 0.15 from 0.0 
to 0.6.
As in Groth (2017) we investigate the influence of the 
neighbor factor on our migration model using influence pro-
portions of 0 (null model, no influence of neighbors), to 0.05, 
0.1, 0.2 and 0.5, the latter represents a 50% influence from 
the neighbors on the final body height of the node. Thereby, 
at each iteration the height of the node agents is calculated to 
50% from the height of the neighbors and to 50% from the 
current note height value. Those values are slightly adjusted 
to take the number of agents per node into consideration. For 
details see Hermanussen et al. (2016).
Figure 2 summarizes the influence of the population dis-
tribution and neighbor factor on the final body height for 
the swiss graph. Result pattern for the pattern of increase 
are similar in other graph types, however, the maximal final 
body height after 100 iterations is different between the 
graph types (see section 4.2). In all graph types, in case of 
medium and low correlations (r ≤ 0.3) between node cen-
trality and number of agents per node an increase in body 
height with increasing neighbor factor is observed. In experi-
ments with higher correlations between node centrality and 
number of agents per node, meaning that the networks have 
highly connected nodes with much more inhabitants than 
their neighboring nodes (megacity nodes), this tendency is 
smaller or even reversed, as can be seen in the panel for r = 
0.6 and sdlog = 1.
To investigate this tendency in more detail, a linear 
regression to determine the effect of those variables on body 
height is used. Table 2 summarizes the results for the three 
centrality measures, degree, betweenness and page rank 
centrality. For all measures we find a significant positive 
influence of the neighbor factor and the agent migration; on 
the other hand a significant negative effect of the increas-
ing associations between the node degree centrality and the 
number of agents per node as well as a negative influence of 
unequal distribution of the agents into the nodes is observed. 
This means that if there are only a few centralized nodes with 
much more agents than their neighbors, the overall increase 
body height in the network is smaller. The same negative 
trend is observed if the sdlog is raised. Body height increase 
is largest in situations where there is an almost homoge-
neous distribution of agents into the nodes, i.e. the number 
of agents per node follows a homogeneous distribution.
4.2 Network topology and size
In our further analyses we focus on settings close to the natu-
ral swiss network using a correlation coefficient of 0.45 for 
the association of degree centrality and number of agents 
per node, a sdlog of 0.6 for the population distribution and 
a neighbor factor of 0.2. With those settings we investigate 
the effect of network structure and network size on the aver-
age body height in the network after 100 iterations if height 
biased agent migration mediated by degree centrality is 
enabled (Fig. 3).
We observe that average body height of agents is posi-
tively associated with network heterogeneity. When the 
node degrees of the network had a very large variation, the 
final body height of the agents is greater in comparison to 
more homogeneous networks with nodes having more simi-
lar node degrees (R2 = 0.55, see Table 3). Not surprisingly, 
this is reflected, although with a lower R2 increase, by the 
number of migratory roads in the network. Migratory roads 
are edges between two nodes where the centrality measures 
between the nodes vary. For instance, between two nodes 
with the same degree there is no height biased migration, 
whereas between nodes with different centrality measures 
there is.
There is further a much smaller influence of the network 
size, reflected by the number of nodes and the total number 
of agents in the network, on final body height. Obviously, 
if there are more agents in the network while the number 
of nodes remains constant, the number of migrants with the 
same migrant proportion (10% from the taller half) should 
increase. However, the balance between small and large 
nodes might be more shifted to nodes with more agents, 
therefore migration could be also reduced. The increase in 
population in a log-normal distribution might be dominated 
by the agent numbers in the few highly populated nodes. 
Summarizing the individual coefficients for the network: the 
6    A. Fritz, A. Makeyeva, K. Staub, and D. Groth
Fig. 2. Influence of neighbor factor (nfac), centrality to population correlation (r) and population distribution 
(sdlog, 0.01 very even, uniform, 1.0 log-normal) on body height for the swiss graph after 100 iterations using 
boxplots.
positive association of body height increase to network het-
erogeneity (cv.deg, mig.prop) and the vertex numbers can 
be confirmed. In contrast the number of agents per network 
is negatively associated to the final average body height 
(Table 4).
Finally we compare different networks of medium size 
concerning their responsiveness to a migratory effect on 
body height. In agreement to our linear model for all net-
works together, in networks with higher levels of heteroge-
neity the final average agent body height is larger (Table 5), 
e.g. the scale-free Barabasi-Albert network—bmidi, has the 
highest variation in the degree distribution and the highest 
gain in body height. In contrast the networks with the lowest 
variation in degrees, that small-world network wmidi and the 
sub-network of Switzerland smidi are also the networks with 
the lowest gain in body height.
5 Discussion
The enormous increase in human body height during the 
last two centuries has drawn a lot of attention in the scien-
tific community (Hatton & Bray 2010, NCD Risk Factor 
Collaboration 2016). Explanations for this phenomenon 
usually include effects due to nutritional, medical and envi-
ronmental improvements (Silventoinen 2003; Steckel 2009). 
The discussion of genetic sources has produced controversial 
conclusions (Rietveld et al. 2004; Stulp et al. 2012; Stulp & 
Barrett 2016; Stulp et al. 2017). But in the short period of 
time genetic variations should have a low impact on body 
height. As humans are social beings and personal self-per-
ception is of great importance, community effects on body 
height: “As tall as my peers . . .” (Bogin et al. 2018) might 
influence body height and therefore contribute to the secu-
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Table 2. Linear modeling of body height for the swiss network for different centrality measures. The independent variables are: nfac – 
neighborhood factor, the higher nfac the higher the neighborhood influence, mig – migration, 1 one for migration, 0 for no migration, 
r.tar – target correlation between degree of nodes and number of agents per node, with higher r.tar the number of megacity nodes 
increases, sdlog – generation of population distribution, the higher the sdlog the more uneven the distribution of the agent numbers 
per node. All factors are significant for the model (p < 0.05). The values for r.squared in the last column are for the complete model.
Factor Centrality Estimate Std. Error t value r.squared
Intercept degree 165.45 0.36 463.2 0.54
nfac 0.13 0 24.9
mig 5.45 0.18 29.7
r.tar –4.58 0.43 –10.6
sdlog –3.4 0.27 –12.6
Intercept betweenness 166.46 0.29 565.6 0.52
nfac 0.1 0 23.7
mig 4.25 0.15 28.1
r.tar –3.46 0.36 –9.7
sdlog –2.75 0.22 –12.3
Intercept page rank 165.15 0.36 459 0.54
nfac 0.13 0 25
mig 5.58 0.18 30.1
r.tar –4.33 0.44 –9.9
sdlog –3.3 0.27 –12.1
Fig. 3. Influence of the network structure on body height increase induced by migration in the fishnet like networks, bottom fig-
ures, swiss like and random network, middle row figures and medium sized networks based on different network topologies. In 
the left column migration is based on node degree centralities, middle column on betweenness centralities and in the right col-
umn on page rank centralities. Settings for the analysis were neighbor factor of 0.2, sdlog of 0.6 and r.tar of 0.45.
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Table 3. Linear model after forward selection for investigating the effect of network structure on final body height of agents after 100 
iterations. Abbreviations used are: avg – average body height after 100 iterations, cv.deg – coefficient of variation of node degrees, 
people – number of agents per network, nvertex – number of vertices per network, mig.prop – proportion of migratory roads in the 
network. Settings for this analysis are nfac of 0.2, r.tar of 0.45 and sdlog of 0.6, and node degrees to determine direction of 
migration.
Formula R.squared AIC p-value
avg ~ cv.deg 0.55 173.9 < 0.001
avg ~ cv.deg + people 0.62 171.1 <0.001
avg ~ cv.deg + people + nvertex 0.67 168.5 <0.001
avg ~ cv.deg + people + nvertex + mig.prop 0.7 168.3 <0.001
Table 4. Coefficients for the variables of the final linear model chosen by forward selection where initially the variable with the highest 
R2 value is taken into the model and thereafter stepwise other variables which improve the model considerably. Settings for this analy-
sis are nfac of 0.2, r.tar of 0.45, sdlog of 0.6 and using node degrees to determine direction of migration. Abbreviations used are: 
cv.deg – coefficient of variation of node degrees, people – number of agents per network, nvertex – number of vertices per network, 
mig.prop – proportion of migratory roads in the network.
Estimate Std. Error t value Pr(>|t|)
(Intercept) 140.03 12.19 11.49 0.00
cv.deg 0.35 0.08 4.40 0.00
people –0.70 0.34 –2.05 0.05
nvertex 0.67 0.37 1.82 0.08
mig.prop 13.56 9.88 1.37 0.18
Table 5. Relationship between final body height and network heterogeneity. avg: average agent body height after 100 iterations for 
at least five Monte Carlo simulations, ci.low and ci.up borders of the 95 percent confidence interval, cv.deg average coefficient of 
variation of the random generated 5 networks. Settings for this analysis are nfac of 0.2, r.tar of 0.45, sdlog of 0.6 and using node 
degrees to determine direction of migration.
network avg ci.low ci.up cv.deg
bmidi 185.6 176.3 195 65.8
emidi 177.5 173.5 181.5 45.9
fmid3 177.4 174.4 180.5 55.8
amidi 175.3 171.1 179.5 37.9
wmidi 172 169.6 174.4 26.4
smidi 171.1 168.1 174.1 34.2
lar trend. A study on Meerkat, where competing growth to 
achieve social dominance took place (Huchard et al. 2016), 
and the observation that network hubs are preferentially 
occupied by tall people (Stulp et al. 2013; Hermanussen & 
Scheffler 2016) inspired us to perform this study.
Therefore we investigated in more detail the possible 
effect of migration on the secular trend if migration is biased 
on height. Studies suggest that migrants generally might 
be taller than residential persons (Singh & Harrison 1996). 
In agreement with this observation are for instance stud-
ies from the UK (Krzyzanowska & Mascie-Taylor 2011). 
Furthermore, in the 19th century, people in the region with 
the largest number of immigrants, North America, were the 
tallest in the world (Komlos 2009). In addition it is important 
to note, that the secular trend started around 150 years ago, 
when the possibilities for mobility and migration were greatly 
improved due to human achievements in traffic and transport 
using railways, cars and airplanes (Hatton 2013). Hatton 
(2013) explains the gain in body height by easier access 
to high quality food resources due to the traffic improve-
ments. Grasgruber et al. (2016) also analyzed food quality 
and quantity as the major determinants of human height. In 
principle, mobility and gain in body height are positively 
associated likewise the other socioeconomic factors chang-
ing in the past. We postulate that not only the improved food 
supply through the expansion of the transport infrastructure, 
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but also the strengthening of the community connections has 
an influence on the body height of the population. Mobility 
might lead to height gain. For instance comparing the aver-
age body height of settled and nomadic Turkana of Kenya, 
Little et al. (1993) found that nomadic Turkana were 1–2 cm 
taller than their settling counterparts. Heterosis resulting 
from the increase in genetic variability due to migration in 
the urban regions has been proposed too as explanation for 
the secular trend (reviewed in Bogin 1999).
The fact that a secular trend by migration can exist if 
the people can adapt their body height to a certain degree 
to the height of their peers, was recently demonstrated by 
Groth (2017). However, the increase in agent height varied 
considerably between the network types. In this study we 
investigated the influence of population distribution and net-
work topology on a possible secular trend induced by height 
biased migration of taller individuals.
Our first observation was that the influence of the distri-
bution of the population into the network has a more impor-
tant role in determining the strength of the secular trend than 
the network topology or network size. The gain in body 
height is largest in networks with a more homogeneous dis-
tribution of the population in the network. Such distribution 
was achieved by using low sdlog values for the log-normal 
function, lower than in our Switzerland reference, such as 
0.01, 0.2 or 0.4. In contrast to this, the existence of highly 
connected mega cities weakens the effect of migration on 
height. Settings with a more log-normal distribution of the 
population and with a high correlation between population 
of the nodes and their number of connections to other nodes 
could even reverse the effect of migration on body height. In 
this case the mega nodes attract tall agents/individuals from 
the surrounding nodes. However, the average body height is 
only marginally influenced by in-migration of a few slightly 
taller agents into the mega city nodes. Opposing to the situa-
tion in those central nodes, in the surrounding smaller nodes, 
the loss of a significant number of tall people decreases the 
average body height here much more than the increase in the 
mega city/mega node could compensate. In the neighboring 
region of the mega node the average body height decreased 
due to the loss in out-migrating tall agents. In response to 
the neighbor factor, simulating the community effect, in the 
adaptation phase of the model, the surrounding nodes dimin-
ish the average body height in the mega node more than it 
gets increased by the previous migration gain. This situation 
could be observed when the correlation between the degree 
centrality and the number of agents per node (r.tar) and the 
sdlog for the log-normal distribution was higher than in the 
natural reference example in Switzerland. Such settings were 
for example an sdlog of 1.0 and an r.tar of 0.6. In Switzerland 
we observed a log-normal distribution with an sdlog between 
0.6 and 0.85 and a correlation between node degree and pop-
ulation of 0.45. If the correlation and the sdlog was lower 
than in the Switzerland network (sdlog < 0.6, r < 0.45) than 
the increase in final in body height was much larger for the 
model.
In the second part of our analysis we investigated the 
effect of network topology and network size on the “tall by 
migration” effect. We observed that network size was not 
important and that the simulation could be done also with 
smaller networks which are computationally more fea-
sible. We therefore analyzed in more detail different net-
work topologies with node numbers between 25 and 36 and 
with 40 to 72 edges. The factor, which explained most of 
the variation, was the coefficient of variation for the node 
degrees. The higher the inequality in node degrees, the more 
pronounced the gain in body height. Around 55% of varia-
tion was contributed by this factor alone. Adding the next 
three important variables, agents per network, number of 
vertices and amount of migratory roads, only increased the 
r-squared value by another 15%. As the latter of those three 
factors should be directly connected to network heterogene-
ity as well, this underlines the importance of having highly 
asymmetric network structures also.
In conclusion, the effect of migration on body height 
increase in our model is largest in situations with a homo-
geneous distribution of the population and a highly hetero-
geneous network topology. Nodes with only a few agents in 
central positions and many connections to the surrounding 
area trigger, due to their high responsiveness to immigration, 
are the strongest gain in body height for the whole network. 
In contrast, highly connected mega nodes with much more 
agents than nodes in their connected neighbors, buffer or 
even reverse this effect. It should be mentioned here that the 
body height gain in networks based on the natural geography 
of Switzerland has been one of the lowest, only surpassed 
by the model height increase in the regular fishing net like 
networks without any hub nodes.
The importance and reliability of those findings for real 
world situations remains to be questioned. The Swiss type 
networks for instance responded only marginally on this 
effect induced by migration. Such effects may be important 
in social networks where taller individuals might be more 
present in hubs than in marginal positions (Stulp et al. 2013). 
We hope that the published observations in this article might 
convince the reader that a secular trend mediated through 
“tall by migration” could be a plausible scenario in certain 
situations of human history.
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Abbreviations
amidi medium sized random graph
amini small random graph
angie larger random graph
bmidi medium sized graph based on the Barabasi-
Albert model
emidi medium sized Erdös-Renyi graph
erren larger Erdös-Renyi graph
fmidi medium sized fishing net like graph, numbers at 
the end indicate level of centralization
fnet larger fishing net like graph, numbers at the end 
indicate level of centralization
smidi medium sized sub-network of the swiss network
smini small sub-network of the swiss network
swiso original graph based on the geography of 
Switzerland and the conscripts numbers in 2005
swiss original graph based on the geography of 
Switzerland but with random population
wmidi medium sized small world graph
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